Abstract-In modern mobile communication systems, spectral efficient modulation formats have been widely used, which results in the envelope of the radio frequency (RF) signal is variable and having large peak to average power ratio (PAPR). In order to amplify the RF signal without distortion, the linear power amplifier (LPA) is adopted, which is less efficient when powered by constant voltage. Three popular techniques, i.e., Doherty, envelope elimination and restoration (EER), and envelope tracking (ET) techniques, to greatly improve the efficiency of the power amplifiers are analyzed and compared in this paper, and it is shown that the ET technique is the most suitable for future mobile communication systems. In the ET systems, the ET power supply is the key equipment, which dominates the system efficiency. With the development of the mobile communication systems, the bandwidth and the PAPR of the envelope signals are increasing rapidly, which pose severe challenges on the design of the ET power supply. This paper summarizes and sorts the ET power supplies in the literatures, and a detailed comparison is presented to guide the selection of ET power supplies for different applications. Finally, the methods, including soft-switching, slow envelope, and band separation are proposed for further increasing the efficiency of the ET power supply.
between the supply voltage and output RF signal is very large.
Fig . 3 shows the curve of the drain efficiency (DE) versus the output power P out of a real class AB LPA when powered by a 28 V constant voltage [4] . As seen, when the LPA outputs 47 dBm power, the DE reaches 65%. However, the DE drops quickly with the output power backing off. For example, the DE falls to 10% when the LPA outputs 30 dBm power. Fig. 3 also gives the power generation distribution (PGD) of the output RF signal with 8.5 dB PAPR when the LPA outputs a 40 dBm average power. Obviously, the probability that the LPA works at its low efficiency region is large. As a result, the average efficiency of the LPA is about 30%, and a large portion of energy is wasted.
In order to improve the efficiency of the LPA at the power back-off region, many techniques have been proposed. Among these techniques, Doherty technique [5] [6] [7] [8] [9] [10] [11] [12] , envelope elimination and restoration (EER) technique [13] [14] [15] [16] [17] [18] [19] [20] and envelope tracking (ET) technique [21] [22] [23] [24] [25] [26] [27] [28] are the most popular, and the ET technique is found to be the most promising for future mobile communication systems. The basic idea of the ET technique is to modulate the supply voltage of the LPA to track the envelope of the RF signal, and thus, the DE of the LPA is improved. Such power supply in the ET technique is usually called ET power supply. With the development of the mobile communication systems, the bandwidth and PAPR of the envelope signal is increasing, imposing stringent challenges for the design of the ET power supply.
As well known, switched-mode converter is featured with high efficiency compared with linear amplifier, and it is preferred to construct the ET power supply. However, when the bandwidth of the envelope signal is too high, the switchedmode converter should be operated at a very high switching frequency, resulting large switching loss and thus degrading the efficiency. As a result, the switching loss or the switching frequency needed to track the broadband envelope signal should be minimized for achieving a high efficiency.
The objectives of this paper are to reveal the essential reason why the LPA is less efficient in modern mobile communication systems, the superiorities of the ET technique, and how to build an ET power supply with high efficiency and wide bandwidth from the aspect of structure and control strategy. Our previous works [29] , [30] have addressed these issues, and more detailed analyses are added in this paper. This paper is organized as follows. Section II presents the operating principle of the Doherty, EER and ET techniques, the pros and cons of each technique are analyzed, and it is pointed out that ET technique is the most promising technique of enhancing the efficiency of the LPA in future mobile communication systems. In Section III, the existing ET power supplies are classified into three types and detailed comparison is presented. In Section IV, the methods aiming for increasing the efficiency of the ET power supply are given, and the operating mechanisms are illustrated. Finally, Section V concludes this paper.
II. effIcIency enhancement technIques for
Power amPlIfIer
As illustrated above, the LPA supplied by constant voltage suffers from low efficiency when amplifying RF signals with large PAPR. Thus, advanced PA techniques have been proposed to achieve high efficiency and satisfy the linearity requirement simultaneously. In this section, the popular advanced PA techniques, including the Doherty technique, EER technique, and ET technique, will be discussed.
A. Doherty Technique
The Doherty technique was invented by William H. Doherty in 1936 [5] . Fig. 4 shows the schematic diagram of the even Doherty amplifier, which is composed of a splitter, a carrier amplifier, a peak amplifier, and three quarter-wave transmission lines (line 1, line 2, and line 3). The carrier amplifier is realized by a LPA to satisfy the linearity requirement of the output RF signal. In order to enhance the efficiency of the carrier amplifier at power back-off region, the peak amplifier, which is realized by a NLPA due to its high efficiency, and line 1 are employed to modulate the load resistance of the carrier amplifier by active load-pull technique. Since line 1 introduce 90° phase shift to the output RF signal from the carrier amplifier, line 2 is added to the RF path of the peak amplifier to balance the phase shift. Meanwhile, line 3 is added to realize impedance transformation because the output impedance of a typical RF system is 50 Ohm.
The RF input signal is split into two parts by the splitter. When the input power is low, only the carrier amplifier works, and the peak amplifier is shut down. While increasing the input power level to 6 dB power back-off from the maximum RF input power, carrier amplifier and peak amplifier work together.
Here, a class B power amplifier is taken as the carrier amplifier to explain the operating principle of the Doherty technique. Fig. 5 shows the circuit of class B power amplifier, where C block1 and C block2 are the dc blocking capacitors, L choke1 and L choke2 are the RF chokes, v gs is the driving signal, V th is the threshold voltage of the power amplifier, i d is the drain current, v ds is the drain voltage, V DC is the dc power supply of the power amplifier, and R is the load resistance of the power amplifier, as given in Fig. 4 . Fig. 6 shows the voltage and current waveforms and load lines of class B power amplifier. Since the power amplifier is biased at class B, i d is a half-rectified sine wave, and its fundamental component I 1 when the maximum drain current is I max , as shown in Fig. 6(a) , can be expressed as The DE can be calculated by dividing the RF fundamental output power, P 1 , by the input power from V DC , P DC . Thus, according to (1) and (2), the DE can be calculated by (3) It can be seen from (3) that, the full driven class B power amplifier, as shown in Fig. 6(a) , can achieve π/4 efficiency theoretically. Fig. 6(b) shows the key waveforms of the class B power amplifier when the input RF power decreases 6 dB (onefourth of maximum power) when compared with Fig. 6(a) . At this time, the peak current of i d and voltage swing of v ds are halved, and the I 1 and I 0 can be expressed as
According to (4) and (5), the DE can be expressed as (6) Comparing (3) and (6), it can be seen that the DE of the traditional class B power amplifier decreases with power backing off.
The load resistance of the class B power amplifier in Fig.  6 (a) and (b) is R, while the load resistance is 2R in Fig. 6(c) . Comparing Fig. 6 (b) and (c), the peak current of i d is the same since the input power is identical. However, the voltage swing of v ds in Fig. 6 (c) is increased due to the increased load resistance. At this time, the DE can be expressed as ( 
7)
It can be seen from (7) that, when the input RF power is small, increasing the load resistance could increase the DE, as shown in Fig. 6(c) , which is the mechanism of the Doherty technique. In conclusion, when the input RF power is small, the carrier amplifier should have high load resistance to achieve a high DE. However, the load resistance decreases with the increased input RF power. In order to adjust the load resistance according to the input RF power, the active load-pull technique is adopted. Fig. 7 shows the simplified schematic diagram of the Doherty amplifier to illustrate the operating principle of the active load-pull technique, where CS1 and CS2 are two current sources, representing the carrier amplifier and peak amplifier, respectively, R c is the common load of the carrier amplifier and peak amplifier, as shown in Fig. 4 , and Z T is the impedance of line1.
According to Fig. 7 , V c can be expressed as (8) Thus, the resistance Z 3 can be expressed as
Based on the characteristics of the quarter-wave transmission line [4] , we have (10) Thus, the load resistance of CS1, Z 1 , can be adjusted by i CS2 , and Z 1 decreases with the increase of i CS2 .
B. EER Technique
EER technique was first invented by Leonard R. Kahn in 1952 [13] and received lots of attention ever since. Fig. 8 shows the schematic diagram and key waveforms of the EER technique. The RF input signal, which includes both amplitude and phase information, is processed by two paths, namely, the envelope path and the phase path. In the envelope path, the envelope of the RF input signal is detected by the envelope detector and serves as the reference voltage of the supply modulator. The supply modulator outputs a voltage that tracks the envelope of the RF input signal and supplies the nonlinear power amplifier (NLPA). In the phase path, the envelope information of the RF input signal is eliminated by the limiter, producing a signal with constant amplitude and only containing the phase information of the RF input signal. The amplitude information is restored by the supply voltage provided by the supply modulator. The delay unit is used to synchronize the envelope path and the phase path.
Since a NLPA is adopted in EER technique, a high efficiency can be achieved. By introducing the supply modulator to modulate the supply voltage of the NLPA, the NLPA works like a high efficient LPA. Fig. 9 shows the schematic diagram and key waveforms of the ET technique, which is similar to EER technique. The 
C. ET Technique
main differences between them can be summarized as: 1) a LPA is adopted in the ET technique, while a NLPA is used in the EER technique; 2) the RF signal amplified by the power amplifier includes both the amplitude and phase information in the ET technique, while the RF signal just contains phase information in EER technique; 3) The function of the supply modulator in EER technique is to restore the amplitude information of the output RF signal, while the ET power supply in ET technique aims for enhancing the efficiency of the LPA. Fig. 10 shows the key waveforms of the class B power amplifier using ET technique at different power levels. When the class B power amplifier is full driven, as shown with the dotted lines, its efficiency can reach π/4. When the input RF power backs off, the ET power supply outputs a lower voltage to supply the LPA correspondingly. The solid lines present the key waveforms of the class B power amplifier when the input power has a 6 dB back-off. At this time, the DE can be expressed as (11) From (11), the ET technique can also achieve a high DE at the power back-off region by dynamically adjusting the supply voltage of the LPA.
D. Comparison of the Three Techniques
Fig . 11 shows the efficiency curves of the amplifiers using different techniques, where the class A and class AB power amplifiers are powered by constant voltage. As seen, the Doherty, EER, and ET techniques are all capable of enhancing the efficiency of the power amplifier at the power backoff region. The power amplifier in the EER technique can achieve the highest efficiency, which could exceed 80% due to the adoption of NLPA. The LPA in ET technique could achieve 78.5% efficiency at high output power level when the LPA is biased at class B, and the efficiency decreases at low output power region due to the adoption of the envelope shaping [31] [32] [33] , which results in the amplitude of the shaped envelope signal is higher than that of the original envelope signal. The efficiency curve of the Doherty amplifier is piecewise. At low output power region (< −6dB), the peak amplifier shuts down, the carrier amplifier works with a large load resistance, leading to a higher efficiency than traditional class B power amplifier. At high output power region (> −6dB), the carrier and peak amplifiers works together, and the efficiency keeps high.
Many mobile communication operators adopt Doherty technique in their base stations due to the simple structure. 
Full driven
6 dB back-off
However, the Doherty technique has several disadvantages: 1) it needs two power amplifiers, leading to increased cost; 2) at low output power region, the efficiency of the Doherty amplifier decreases quickly with output power backing off, which results in low efficiency when amplifying signals with very large PAPR; 3) it needs quarter-wave transmission lines to realize impedance transformation, which restricts its application in broadband application; and 4) since the peak amplifier is implemented with a NLPA, the linearity of the Doherty amplifier at high output power level is sacrificed.
In conclusion, the Doherty amplifier is suitable for medium PAPR and narrow-band application, and can not meet the requirement of future mobile communication systems. The EER technique could achieve the highest efficiency. However, EER technique also has some problems: 1) since the amplitude information is restored by the supply modulator, the linearity of the system completely lies on the linearity of the supply modulator, which imposes great challenges for the design of the supply modulator; 2) the linearity of the system is very sensitive to the delay matching between the envelope path and the phase path, and any mismatching between them will result in distortion of the RF output signal; 3) the EER system has a low gain in the low-power region and results in a poor linearity; and 4) the limiter will extend the bandwidth of the RF input signal, which poses challenges on the design of the broadband limiter and power amplifier. All of these issues limit its application.
Comparing with the EER technique, the linearity of the ET system is mainly determined by the LPA, thus the linearity requirement of the ET power supply are not so stringent, which makes the selection of its output voltage flexible. Thus, the requirement to the bandwidth of the ET power supply could be lowered. Meanwhile, the accuracy of the delay matching between the envelope path and RF path in ET technique could be decreased without bringing distortion to the RF output signal. These advantages make ET technique more suitable for broadband application. Besides, the ET technique has a higher gain in low output power region with envelope shaping, which avoids gain collapse and improves the linearity of the system. TABLE I shows the detailed comparison of these three efficiency enhancement techniques, and the ET technique is the most promising technique for future mobile communication systems due to easily implementation and suitable for broadband application.
III. et Power suPPlIes
ET power supply is the core of the ET technique and plays a crucial role in the efficiency of the ET system η ET . According to Fig. 9 , η ET can be approximated as (12) where, η PS is the efficiency of the ET power supply, and η LPA is the efficiency of the LPA.
In order to achieve a high η ET , the ET power supply is expected to achieve a high efficiency itself. Besides, the ET power supply should have a higher bandwidth than the envelope of the RF input signal so that its output voltage can well track the envelope to guarantee the LPA can achieve high efficiency. In conclusion, the ET power supply should achieve both wide bandwidth and high efficiency. TABLE II gives the PAPR and bandwidth of the envelope signal for different mobile communication systems. As seen, with the development of mobile communication systems, the PAPR and bandwidth of the envelope signal are increasing, imposing the challenges for designing the ET power supply.
Various structures of the ET power supply have been presented in previous publications, which can be classified into three categories, namely, linear amplifier structure [34] , [35] , switched-mode converter structure [36] [37] [38] [39] [40] [41] [42] , and switch-linear hybrid (SLH) structure [43] [44] [45] [46] [47] [48] [49] [50] .
A. Linear Amplifier Structure
Fig . 12 shows the circuits of typical linear amplifiers, where the LPA is represented by R Ld here since it can be equivalent to a constant resistor when supplied by the ET power supply [21] . Fig. 12(a) shows the circuit of class A linear amplifier, where T is the power device. The class A linear amplifier can output unidirectional voltage and current, and its theoretical maximum efficiency is 50%. Fig. 12(b) shows the circuit of the class AB linear amplifier, where T 1 and T 2 are the power devices, and V bias is the bias voltage to avoid crossover distortion. T 1 conducts in the positive part of the input signal, and T 2 conducts in the negative part. The class AB linear amplifier can output unidirectional voltage and bidirectional current, and its theoretical maximum efficiency is 78.5%.
The linear amplifiers feature with high bandwidth and small output voltage ripple, and they have good ability of tracking the envelope signal, guaranteeing that the LPA achieves high efficiency and no spectrum disturbance occurs. Fig. 13 shows the efficiency curves of the linear amplifiers and probability density distribution (PDF) [28] of the envelope signal with 8.5 dB PAPR. It can be seen that the efficiencies of the linear amplifiers decrease with the output voltage. Referring to the PDF curve, there is a large probability that the envelope signal lies in the low amplitude region, where the linear amplifier is less efficient. More than that, the PDF would move left if the PAPR of the envelope signal becomes higher, and this would further worse the efficiency of the linear amplifiers. In future mobile communication systems, the PAPR will be continuously increased, and the ET power supply using the linear amplifier structure is not efficient.
B. Switched-Mode Converter Structure
The switched-mode converter can achieve high efficiency and it is preferred to construct the ET power supply. According to the number of power switches used, the switch network can be classified into single-switch (SS) network and multiple-switch (MS) network. Therefore, the switchedmode converter structure can be categorized as SS Structure and MS Structure. For the base station application, a stepdown converter is needed, and an open-loop controlled buck converter is usually employed to be a ET power supply or a basic cell due to its simple structure [39] [40] [41] . The following analysis is on the basis of the buck converter, and the analysis can be extended to other converters.
1) SS Structure
Fig. 14 shows the circuit of the buck converter with m-stage filter. Each stage filter is composed of an inductor and a capacitor, and the resonant frequency of each stage filters are f r1 , f r2 , ..., f rm , respectively.
When m = 1, the circuit shown in Fig. 14 will be a traditional buck converter. For the purpose of attenuating the switching frequency component, the resonant frequency f r1 should be far below the switching frequency f s , i.e., f r1 << f s . The attenuation at the switching frequency, A 1 (f s ), can be expressed as (13) When the buck converter is open-loop controlled, its bandwidth f BW approximately equals to f r1 , i.e., f BW ≈ f r1 . Therefore, f BW << f s . In order to track the envelope signal with wide bandwidth, the switching frequency of the SS structure should be very high. For example, if f BW = 20 MHz, f s is required to be higher than 200 MHz. For such a high switching frequency, the traditional silicon-based power switches will suffer significant switching loss, greatly degrading the efficiency of the ET power supply. Fortunately, gallium nitride (GaN) high electron mobility transistors (HEMTs) emerged, which are suitable for operating at very high frequency with smaller switching loss [51] [52] [53] [54] . When operating at such a high switching frequency, the parasitic parameters of the packaging and PCB layout have great impacts on the performance of the ET power supply. In order to effectively decrease the undesired parasitic parameters, the control circuits and the power devices are preferred to be integrated into a single chip [55] , [56] .
In order to track the envelope signal with reduced f s , m-stage filter (m > 1) can be used. At this time, the attenuation at the switching frequency A m (f s ) can be expressed as (14) Fig. 15 shows the gain curves versus frequency of the single-stage and two-stage filters. It is clear to see that the minimum resonant frequency, f r1 , of the two-stage filters can be pushed closer to f s for the same attenuation effect at f s , which is higher than that of the single-stage filter. Therefore, the bandwidth of the SS structure using m-stage filter (m > 1) can be increased. However, as m increases, the design of the filter network is very complicated. Usually, m = 2 is selected.
2) MS Structure
The purpose of the MS structure is to increase the equivalent switching frequency f e_s . So, the frequency component needed to be suppressed is located at nf s , where n is the number of switches used in the switch network. If the attenuation effect at f e_s is the same with the attenuation effect at f s in SS structure, the resonant frequency of the filter in MS structure, f e_r1 , will be n times f r1 . Also, when the MS structure is open-loop controlled, its bandwidth f BW_MS approximately equals to f e_r1 . So, we have f BW_MS ≈ f e_r1 = n f r1 . This means that, compared with the SS structure, the bandwidth of MS structure, f BW_MS , can be increased by n times. Fig. 16 shows the schematic diagrams of typical MS structures, including the multilevel MS [44] and multiphase MS [54] . Fig. 16(a) shows a typical implementation of the multilevel MS structure, which is composed of a level provider and a level selector. The level provider generates a series of voltage levels V 1 , V 2 , …, V n (V 1 < V 2 < … < V n = V DC ). As all the voltage levels share the same ground, the level provider can be implemented by non-isolated dc-dc converters. The level selector chooses the corresponding voltage levels to roughly synthesize the envelope signal. Fig. 16(b) shows the schematic diagram of the multiphase MS structure. The phases are operated in an interleaved manner, thus the size of the filter network can be reduced due to the increased equivalent switching frequency and the ripple cancelation effect [49] . However, multiphase MS structure often requires a current-sharing loop to guarantee each phase providing equal power [49] , which increases the system complexity and restricts the dynamic response. m-stage filter (m > 1) can also be applied to MS structure to further improve the bandwidth. However, the system is very complex. 
C. SLH Structure
In order to track the envelope signal without distortion, the switching frequency or equivalent switching frequency of the switched-mode converter structure should be higher than the bandwidth of the envelope signal. Therefore, the required switching frequency to track a broadband envelope signal is still very high. Fig. 17 shows the power spectral density (PSD) and power integration curve (PIC) of the wideband code division multiple access (WCDMA) envelope signal. As seen, about 85% power is distributed from dc to 300 kHz and 14% power lies between 300 kHz to 5 MHz. Considering this power distribution, the SLH structure for ET power supply is proposed, in which, a switched-mode converter is used to provide the large portion low-frequency power with high efficiency, while a linear amplifier is employed to process the rest little portion high-frequency power. The SLH ET power supply integrates the advantages of the switchedmode converter and the linear amplifier, and it can achieve high efficiency and high bandwidth simultaneously. Since the switched-mode converter only processes the low-frequency components of the envelope signal, the switching frequency can be significantly reduced compared with that of switched-mode converter structure.
The SLH structure can be classified into series-form [57] [58] [59] , parallel-form [60] [61] [62] , and series-parallel-form [4] , [48] , [63] .
1) Series-Form SLH
The series-form SLH ET power supply is composed of a voltage-controlled switched-mode converter (VSC) and a voltage-controlled linear amplifier (VLA), which are connected in series, as shown in Fig. 18(a) . The VSC is usually implemented by a multilevel converter, as shown in Fig.  16(a) , which outputs a step-wave voltage v VSC to synthesize the load voltage v o , and thus decreasing the output voltage swing of the linear amplifier, v lin , as shown in Fig. 18(b) . In doing so, the loss the linear amplifier is reduced, and thus the efficiency of the SLH ET power supply is greatly improved. However, the output current of the linear amplifier, i lin , is still the load current i o , as shown in Fig. 18(c) , which is large and still results in relatively large loss.
2) Parallel-Form SLH
The parallel-form SLH ET power supply is comprised of a current-controlled switched-mode converter (CSC) and a VLA, which are connected in parallel, as shown in Fig.  19(a) . In this form, the CSC is expected to track 
and the output current of CSC i CSC , as shown in Fig. 19(c) . Thus, the loss of the linear amplifier is reduced, and the ET power supply can also achieve relatively high efficiency. However, v lin is equal to the load voltage v o , as shown in Fig. 19(b) , which still bring relatively large loss even if i lin is small.
3) Series-Parallel-Form SLH
Regardless of the series-form or the parallel-form, the linear amplifier still has relatively large loss, which hinders the increase of the efficiency of SLH ET power supply [64] . In order to further reduce the power loss of the linear amplifier, the series-parallel-form SLH ET power supply was proposed [48] , which is composed by one linear amplifier and two switched-mode converters, which have two combinations, as shown in Fig. 20 . As seen, one switched-mode converter is VSC, and the other is CSC. Fig. 21 shows the ideal voltage and current waveforms of the series-parallel-form SLH ET power supply. As seen, the i lin and v lin are both relatively small, leading to a reduced power loss in the linear amplifier.
TABLE III shows the comparison of the linear amplifier structure, the switched-mode converter structure, and SLH structure ET power supplies. As seen, the linear amplifier structure can achieve wide bandwidth and good linearity. However, its efficiency is relatively low. While the switchedmode converter structure features with higher efficiency and narrower bandwidth. The SLH structure combines the advantages of the linear amplifier structure and the switchedmode converter structure, and can achieve wide bandwidth and high efficiency simultaneously, and the series-parallel-form SLH structure can acquire higher efficiency and wider bandwidth due to the reduced power processed by the linear amplifier when compared with series-form and parallel-form SLH structures.
Iv. methods of further ImProvInG the effIcIency of et Power suPPly
In 4G mobile communication systems, the bandwidth of the envelope signal reaches 20 MHz, and it will be as high as 100 MHz in 5G mobile communication systems. In order to track these broadband envelope signals, the switching frequency of the switched-mode converter in ET power supply should be very high, resulting large switching loss and thus degrading the efficiency. To achieve high efficiency, the switching loss or the switching frequency of the ET power supply should be reduced when tracking the broadband envelope signal.
A. Soft-Switching Method
To reduce the switching loss, GaN devices are preferred due to the reduced junction capacitors and fast switching frequency. Meanwhile, soft-switching method could be employed. The simple buck converter is selected to explain the operating principle of the soft-switching method. Fig. 22 shows the equivalent circuits and key waveforms of the buck converter, where Q 1 and Q 2 are the power switches, C ds1 and C ds2 are the drain-source junction capacitors, C gs1 and C gs2 are the gate-source junction capacitors, C gd1 and C gd2 are the gate-drain junction capacitors, v gs1 and v gs2 are the driving signals of Q 1 and Q 2 , respectively. Noted that here the filter inductor L f is intentionally designed to be small enough so that its current could be negative. Prior to t 0 , power switch Q 2 is conducting and power switch Q 1 is turned off, the inductor current i L decays and crosses zero, as shown in Fig. 22(a) . At t 0 , power switch Q 2 is turned off, and the negative inductor current i L charges C gd2 and C ds2 , and discharges C gd1 and C ds1 , thus, v dg1 and v ds1 (v dg1 = v ds1 , v dg1 = −v gd1 ) decrease and cross zero, the equivalent circuit is shown in Fig. 22(b) . At t 1 , v dg1 decays to −V th , Q 1 conducts reversely, which provides approximate zero-voltage turn-on condition for Q 1 , as shown in Fig. 22(c) . The operating principle of the buck converter during [t 2 , t 5 ] is similar to that during [0, t 2 ] and will not be explained here. As discussed above, both Q 1 and Q 2 realize zero-voltage-switching, and the switching loss is almost eliminated. The efficiency higher than 90% has been reported using GaN devices and soft-switching method [52] , [53] .
B. Slow Envelope Method
Since the switching loss is proportional to the switching frequency, the switching loss can be decreased by reducing the switching frequency. The slow envelope method has been proposed to lower the bandwidth of the original envelope signal [65] [66] [67] . By replacing the original envelope signal with the slow envelope signal as the reference voltage of the ET power supply, the bandwidth of the ET power supply can be decreased, indicating a reduced switching frequency. Thus, the efficiency of the ET power supply can be improved due to the reduced switching loss.
As reported in [65] , several slow envelopes are generated, as shown in Fig. 23 . Fig. 24 shows the PSD of the corresponding envelope signals, and it is clear to see that the bandwidth of the envelope signal can be greatly reduced by applying slow envelope method. Thus, the requirement to the ET power supply is relieved. However, the efficiency of the LPA is sacrificed. Therefore, there is a trade-off design between the efficiencies of the ET power supply and LPA. 
C. Band Separation Method
The envelope signal includes low frequency and high frequency components. In order to track the envelope signal accurately, the ET power supply should have the ability to track the high frequency components exactly, which will results in a waste of switching frequency when tracking the low frequency components. Thus, multiple converters with different tracking capability could be combined as an ET power supply to cope with different frequency components of the envelope signal, which is the basic thought of the band separation method.
The SLH structure is a representative example for applying the band separation method. The linear amplifier cooperates with the switched-mode converter to supply the frequency components of the envelope signal, i.e., the low-frequency components are processed by the switchedmode converter, while the high-frequency components are provided by the linear amplifier. The bandwidth of the switched-mode converter has a large impact on the overall efficiency. A lower bandwidth will increase the efficiency of the switched-mode converter, but the power processed by the VLA is increased with increased power loss. Therefore, the selection of the bandwidth of the switched-mode converter should trade off to achieve an overall efficiency of the ET power supply [68] , [69] .
Based on the SLH structure, the band separation method can be extended. Multiple switched-mode converters with different tracking capability, SC1, SC2, ..., and SCn, can be employed, as shown in Fig. 25 , and each switchedmode converter can be optimized independently. Compared to the SLH structure with single switched-mode converter, the SLH structure with multiple switched-mode converters can achieve a higher efficiency. Since the switched-mode converters can be either voltage-controlled or current-controlled, the basic SLH structure with multiple switchedmode converters has two combinations, as shown in Fig. 26 . Besides, the band separation technique can also be extended into series-parallel-form SLH structure and switched-mode converter structure.
v. conclusIon
The mobile communication systems have been continuously developing to meet the demand of high data transmission rate. Thus, spectral efficient modulation formats have been employed, which are characterized with a variable envelope of the RF signal with large PAPR. The LPAs are adopted to satisfy the strict linearity requirement of the RF output signal. However, the LPAs powered by constant volt- age suffer from low efficiency. This paper introduces three popular efficiency enhancement techniques, i.e., Doherty, EER and ET techniques, to greatly improve the efficiency of the power amplifiers. The operating principle and characteristics of each technique are analyzed, and it is pointed out that the ET technique is the most suitable for future mobile communication systems. In the ET system, ET power supply is the core equipment and has a large impact on the system efficiency. The state-of-the-art ET power supplies are reviewed, and these ET power supplies are classified into the linear amplifier structure, the switched-mode converter structure, and the SLH structure. A comparative analysis is performed, which indicates that the SLH structure integrates the advantages of the former two structures and can achieve high efficiency and high bandwidth simultaneously. Finally, soft-switching method, slow envelope method, and band separation method, are presented aiming for further improving the efficiency of the ET power supply. His current research interests include envelope tracking power supplies and dc-dc converters.
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